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Abstract Duration is a salient feature of acoustic signals including speech. Duration tuning was first reported
in frogs and later in echolocating bats. More recently, duration tuning has been reported in non-echolocating mam-
mals and appears to be a fundamental encoding mechanism throughout the animal kingdom. However, the duration
tuning reported in these non-echolocating mammals appears to be much weaker than that in the previous studies on
bats. In contrast to this finding, our recent study reported that duration tuning in the IC in guinea pigs appeared to
be strong when it was measured using an appropriate temporal window. With such a temporal window, duration
tuning was found to be compatible with that of echo-locating bats. In the present report, we further demonstrate
that duration tuning in the IC of this species is established by interaction between excitation and GABAergic inhibi-
tion. In addition to overall increase in responsiveness, application of bicuculline(BIC), a GABA-A receptor antago-
nist, was found to significantly reduce or eliminate duration selectivity in 44 out of the 67 neurons that showed
clear duration tuning from a sample of 340 neurons.
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Introduction
Neurons tuned to signal duration were first
reported in the midbrain of frogs[1, 2]. Since then,
duration tuning or duration selectivity has been
intensively investigated in several species of bats[3-7].
Due to the fact that duration is a salient feature of
acoustic stimuli including human speech, the study of
duration tuning has then been extended to
non-echolocating mammals and in different stations
along the auditory pathway, including the auditory
cortex(AC) in cats[8], the inferior colliculus(IC) in
chinchi-llas[9], mice[10] and rats[11], as well as the medial
geniculate body(MGB) in guinea pigs[12]. However,
duration tuning in non-echolocating mammals appears
to be much weaker in the sense that the neurons that
show clear duration tuning constitute a much smaller
portion of total neurons in these species than reported
in the echolocating mammals.
In our previous report, we have demonstrated that
this apparent weakness is, partially at least, due to use
of inappropriate analyzing time window[13].
Traditionally, duration tuning is expressed as the
spike-count(or rate) change in response to signal
duration. The spike (or rate) is usually counted in a
long time window which covers the longest signal
duration. The long time window does not affect the
duration tuning analysis of offset units but may be
inappropriate for units with other temporal patterns.
For example, the total spike count of a sustained
neuron usually increases with stimulus duration. The
spikes/trial in such a long window will inevitably show
a long-pass pattern, which is defined as an increasing
spike/spike rate with duration with or without
saturation. We have reported that many of IC neurons
in guinea pigs appear to show duration selectivity in
the temporal response peaks of their responses, other
than in the total responses seen through the long
window [12].
The purpose of the present report is to further dem-
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onstrate that the duration selectivity seen through a
short window is not the result of an analytic game and
to explore the mechanisms for duration tuning in guin-
ea pigs. In the present paper, we show the role of local
inhibition mediated by γ-aminobutyric acid (GABA)-A
receptors on the duration tuning in the IC in guinea
pigs, especially in non-offset neurons that show clear
duration selectivity.
Materials and Method
All procedures involving the use of animals
conformed to NIH guidelines and were approved by
the Committee of Laboratory Animal of Dalhousie
University. A total of 34 healthy albino guinea pigs of
either sex were employed in this study(2-4 months,
300-500g). During experiments, animals were
anesthetized with urethane (2g/kg, i.m.). No additional
dose was needed in a typical recording session of 8 to
10 hours. Core temperature was maintained at 38.5 ℃
throughout the experiment. Using a stereotaxic frame,
the animal’s head was immobilized. The ear bar was
inserted to the ipsilateral ear canal and a screw-tipped
metal bar was fixed to the contralateral temporal bone.
This arrangement allowed the contralateral ear canal to
remain open for sound delivery. A 2-cm incision was
made along the midline of the scalp, and the skin and
muscles were retracted laterally to expose the posterior
portion of the skull. A hole of 3-mm diameter located 2
mm lateral to lambda was drilled through the skull.
The dura mater was excised to permit smooth electrode
penetration.
Effort was made to ensure that the recording was
focused on the central nucleus of the IC (ICC). Initially
the position of the ICC was determined with the help
of histological labeling and brain slice dissection in the
preliminary experiments. After several trials, the ICC
was reached based upon the surface landmarks and
penetration depths. At the end of each experiment, the
animal was sacrificed with an overdose of
pentobarbital. The brain was frozen, dissected and the
brainstem inspected to visualize the location of IC
penetration. The location was labeled by fast green
during the last penetration in each animal. Other
recording positions were documented based upon the
relative locations and depths to this labeled
penetration.
Acoustic signals were generated with a TDT
System 3(Tucker-Davis Technologies, Alachua, FL),
and calibrated with a Larson-Davis sound level meter,
model 824(Larson-Davis, Provo, UT). Stimuli were
delivered in the open field through an ES1 broadband
electrostatic loudspeaker(Tucker-Davis Technologies,
Alachua, FL) positioned 10 cm away from the ear. The
recording electrode was led to a Dagan 8700 amplifier
(Dagan Corporation Minneapolis MN) and then in
parallel to an oscilloscope, an audio monitor, and the
TDT system 3 for data acquisition. In unit search, the
electrode was advanced by a remotely controlled
hydraulic micro-drive while a burst of Gaussian noise
was presented at a moderate intensity level(40-70 dB
SPL). When a unit was isolated, the characteristic
frequency(CF) was determined by a recording of
iso-intensity curves(IIC) at a moderate intensity
level(40-70 dB SPL), which showed the spike rate
change as a function of signal frequency. Duration
tuning was then tested with bursts of Gaussian
noise(high cutoff 50 kHz) of varied durations from 2
ms to 256 ms in exponential steps(rise/fall time 0.5
ms), at the level 10-40 dB above the unit’s threshold to
the noise. Signals of different durations were presented
randomly, and the spikes were collected and averaged
for 10-20 stimuli at each duration. This random
presentation of signals of different duration was
designed to reduce the impact of stimulus interval
variation(related to the potential forward masking) on
the duration tuning. The stimulation interval
(onset-to-onset) was 800 ms and the recording window
was usually 750 ms starting from the onset of the
stimulus. All recordings were performed in a
sound-proof booth.
GABA-A receptor antagonist, Bicuculline (BIC)
methiodide (Sigma, St. Louis, MO) was applied to neu-
rons by means of in vivo micro-iontophoresis[13, 14] us-
ing five-barrel glass-pipettes (H-configuration, Omega
dot) with tip diameters of 8-12 μm; two channels were
filled with BIC, two with saline (for both grounding
and the purpose of current control), and the other chan-
nel spared. A single recording electrode with a tip di-
ameter of 1-2 μm was piggy-backed to the 5-barrel ion-
tophoretic electrode. The impedance of the recording
electrode ranged from 5 to15 MΩ. The antagonist was
freshly prepared in distilled water to a concentration of
10 mM and the pH was adjusted to 4.0 before injec-
tion. After a control recording of duration tuning and
IIC, another control recording was performed with a
current injection of 100 nA. This control recording in-
cluded an observation of spontaneous activity and the
response to tone at CF identified in the previous con-
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trol recording, to rule out possible impact of current in-
jection. If no such effect was found, BIC was applied
with 20 nA injection current for 10 to 20 minutes, and
recording was performed 5 minutes after the beginning
of BIC. If the unit was stable, the recording was repeat-
ed every 10 minutes after the cease of BIC application
to show the recovery of the response. Occasionally,
BIC injection with larger current (e.g., 40 and 60 nA)
was performed when no effect was seen with 20 nA
BIC.
Firstly, IC neurons reported in this study were
categorized into five groups based upon their temporal
response patterns: (1) onset, (2) onset-offset, (3) offset,
(4) sustained, or (5) pause neurons. The criteria for
onset, pause and sustained neurons were similar to
what were used by Le Beau[15]. Since only few units
appeared to be chopper and some of them were hard to
be differentiated from sustained units, we included
these units into the sustained category as well. In
addition, onset-offset units, which were not reported by
Le Beau(1996), were characterized as giving two
clusters of spikes, one shortly after the onset of the
signal and the other after the offset (see insert PSTH in
Figure 3). Then, the duration selectivity of neurons
was classified into five categories:(1) short-pass
neurons were those whose spikes (or spike rates) were
highest to signals of very short durations but decreased
to signals of longer durations; (2) band-pass neurons
were those having highest spikes to a best duration
(defined as the duration producing the highest spikes
or spike rate) and decreased spikes when the signal
duration was shorter or longer than the best duration;
(3) long-pass neurons were those that showed
increasing spikes or rates with duration increase with
or without saturation; (4) all-pass neurons were those
showing no significant change of spikes with signal
duration; (5) band-rejected (notch) were those showing
significant decrease in spikes/spike rates at certain
duration(s) (in other words: having a worst duration).
The duration tuning was determined by measuring the
spikes in a short time window (30 ms) around a
neuron's temporal response peak(s) in peri-stimulus
time histogram(PSTH). The selection of this short time
window was virtually arbitrary but it generally covered
the targeted clusters of responses in most cases.
Duration tunings of the onset-offset, sustained and
pause neurons using the short window were compared
with those obtained with the long window to reveal the
impact of analyzing window on duration tuning. We
used driven spikes instead of total spikes in the
analysis. The driven spikes or spike rates were
obtained by subtracting the spontaneous spikes or rates
obtained in a period of 10 seconds without sound
stimulation.
The criteria for classification of duration
selectivity were similar to those used previously [16, 1, 2].
A neuron was classified as duration tuned if the spike
reached maximum at a certain sound duration (which
was defined as the best duration), but reduced by more
than 50% of the maximum at longer and/or shorter
durations. This criterion was reversed for the
band-rejected neurons, to which the spike increased to
more than 200% of the“notch”response at longer and/
or shorter durations. Band-pass duration tuning was
defined when the spike changes reached the criterion at
both shorter and longer durations, while a short-pass
(or a long-pass) duration tuning was defined as the
spike changes reaching the criterion only on one side
of the best duration. In previous studies, some long/all
pass neurons(category 3) were also considered to be
duration tuned if they showed no response at short
durations while almost equally responsive to all longer
durations(saturated). They were distinguishable from
those that showed monotonically increased response
with duration. However, neurons with such
duration-tuning patterns were rare and were not
specified in this paper.
Results
A total of 340 neurons were examined for
duration tuning(including the 207 neurons reported
previo- usly［１２］). They were first tested 10 dB above
the threshold and repeated at 40 dB above the
threshold when it was possible. Table 1 categorizes all
neurons in this sample according to both duration
tuning and PSTH. The best frequencies of neurons in
this sample ranged up to 48 kHz. In this increased
sample, the distribution of neurons across different
categories was generally similar to what was reported
previously. Out of the total 340 neurons, 140 neurons(~
41% ) showed clear duration tuning in their temporal
response peaks (63(18.5% ) short-pass, 69(20.1% )
band-pass and 8 (2.4% )otch neurons, respectively).
The duration tuning pattern of neurons in this table was
defined in a 30-ms window which was setup around
the temporal response peak(s). For sustained and pause
neurons, this was the onset peak of the response. For
on-off neurons, however, the duration turning was
analyzed in three different time windows(30-ms at
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onset, 30-ms around offset, and a long window of 300
ms).
The effect of GABAergic inhibition mediated by
GABA-A receptors on duration tuning was successful-
ly observed in 67 neurons which showed clear duration
selectivity(short-pass, band-pass or band-rejected, Ta-
ble 2). It was found that BIC injection eliminated or re-
duced duration tuning in 44 out of the 67 neurons. In
the 44 neurons, BIC effect was not found at the dose of
20 nA injection but at higher doses in 2 neurons. In the
13 neurons to which no BIC effect on duration tuning
was found, the observation was successfully performed
in 3 neurons in more than one doses, but not successful
in other neurons. However, the successful application
of BIC on these 13 neurons was evident by the increase
of spikes during BIC.
Sustained neurons
Of the total 340 neurons, 124 (36.5%) showed sus-
tained PSTH patterns. Neurons in this category were
generally not duration tuned when the spikes were
counted in a traditionally used long window that cov-
ered the longest stimulus. However, the temporal re-
sponse peak corresponding to the signal onset from a
portion of these neurons(37 out of 124, or 29.8%) ap-
Table 1. Categorization of IC units according to PSTH and duration tuning
Onset
On-off
Pause
Sustained
Offset
Subtotal
onW*
offW
LongW
All-pass
61(40.1%)
9(34.6%)
1(3.8%)
16(61.5%)
6(22.2%)
43(34.7%)
2(18.2%)
121(35.6%)
Short-pass
25(16.4%)
11(42.3%)
3(11.4%)
5(19.2%)
10(37.0%)
16(12.9%)
1(9.1%)
63(18.5%)
Band-pass
33(21.7%)
5(19.2%)
11(42.3%)
3(11.4%)
7(25.9%)
18(14.5%)
6(54.5%)
69(20.1%)
notch
3(2.0%)
0
0
0
2(7.4%)
3(2.4%)
0
8(2.4%)
Long-pass
30(19.7%)
1(3.8%)
11(42.3%)
2(7.6%)
2(7.4%)
44(35.5%)
2(18.2%)
79(23.2%)
Subtotal
152(44.7%)
26(7.6%)
27(7.9%)
124(36.5%)
11(3.2%)
􀰐: 340
* W stands for window.
For on-off neurons, the subtotal was counted in each duration-tuning category according to the analyses through the window at the onset responses.
The % number in each cell of subtotal column and row is calculated against the total number of neurons; while that in the other cells are done
against the subtotal of each row.
*For on-off neurons, duration tuning was examined separately for the on and off responses. OnW: short window at the onset response, offW: the
window at the offset response. The numbers in ( ) in the subtotal column indicate the numbers of neurons that loss duration tuning (changing from
short-pass and/or band/pass to all-pass or long pass) when BIC is applied.
PSTH
Onset
On-off*
Pause
Sustained
Offset
Recording
ctrl
BIC
onW-ctrl
onW-BIC
offW-ctrl
offW-BIC
ctrl
BIC
ctrl
BIC
ctrl
BIC
Not tuned
0
9
3
6
1
7
0
7
0
14
0
５
Short-pass
11
6
5
4
1
1
7
4
12
5
1
０
Band-pass
7
3
3
1
9
3
6
2
7
0
5
１
subtotal
18 (9)
11 (9)
13 (7)
19 (14)
6 (5)
􀰐: 67(44)
Table 2. The response patterns and the effect of BIC on duration tuning of IC neurons
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peared to be tuned to the signal duration and this dura-
tion tuning could be verified clearly through the short
time window of 30 ms we used. In our total sample of
124 sustained neurons, 18 were judged as band-pass in
duration tuning by using the 30 ms short time window.
These 18 neurons would have been judged as
long-pass or all-pass, if the spike rates were calculated
in the long time window.
As summarized in Table 2, the effect of BIC was
tested successfully on 7 band-pass sustained and 12
short-pass neurons. Application of BIC changed the
duration tuning curves(DTCs) of all the 7 band-pass
neurons to long-pass or all-pass. Out of 12 short-pass
neurons, BIC changed 7 of them to all-pass or
long-pass (Table 2).
Figure 1 shows the effect of analysis windows on
DTCs from an example sustained neuron. It is clearly
demonstrated that the on-set response peak appears to
be band-pass tuned to the duration of 64 ms(as
indicated in the DTC, through the short time window
set up around the onset peak), while the total response
appears to be long-pass or not duration tuned (DTC
through the long window, in Fig 1). When BIC(20 nA)
was applied, a remarkable increase in overall response
and expansion in frequency response bandwidth was
evident in the IIC(Fig 2 upper panel). Meanwhile, the
DTC changed from band-pass to long-pass during the
application of BIC(Fig 2 lower panel, measured 5
minutes after BIC application was initiated). The
response of this neuron returned to the control in both
IIC and DTC 15 minutes after BIC application ceased
(Fig 2).
To further quantify the effect of BIC on duration
selectivity, an index was calculated as the ratio
between the number of spikes obtained at the best
duration and the averaged spikes in response to all
other durations tested. We called this duration-tuning
index. The control ratio from the total 67 neurons was
2.65 ± 0.34(mean ± SD). The ratio was significantly
reduced to 1.783 ± 0.41 when BIC was applied (P <
0.01, Paired t-test).
On-off and offset neurons
A total of 26 (7.6% ) neurons in this sample
showed an on-off pattern in their PSTHs. As shown in
Table 1, 11 (42.3%) and 5 (19.2%) of them appeared to
be short-pass or band-pass respectively in their onset
responses; while the corresponding numbers for the
offset responses were 3(11.4% ) and 11(42.3% )
respectively. Only one neuron in this group showed
band-pass response in both its onset and offset
responses. Interestingly, the numbers for short-pass or
band-pass patterns were reduced to 5(19.2% ) and 3
Fig 2. Effect of BIC on the iso-intensity curve (IIC) and
duration tuning curve(DTC) from the same sustained neuron
shown in Fig 1. The duration tuning is analyzed in a 30 ms
short window.
Fig 1. This sustained neuron shows band-pass duration tuning
in a short window around the onset response, and long-pass
duration tuning when analyzed in a long window. The spikes per
trial are calculated by subtracting spontaneous spikes during the
corresponding periods, which has been converted from
spontaneous spikes measured during a 10 seconds period.
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(11.4%) respectively when the long window was used
for duration tuning analysis. Fig 3 presents the DTCs
of an on-off neurons separately for its on-, off- and
total responses. In this case, the duration tuning of the
onset responses was band-pass, while the offset
response was long pass. The band-pass duration tuning
in the on-response would not be seen if a long window
was used to count the total spikes, in which the DTC
appeared to be long-pass.
For the offset units, it was predicted that the
analysis window would not impact duration tuning
because all spikes clustered within a short time period.
In our sample of 11 offset neurons, 6(54.5%) showed
band-pass, 1(9.1% ) showed short pass and 2(18.2% )
showed long pass tuning, respectively(Table 1). The
percentage of band-pass offset neurons appeared to be
compatible to that of the band-pass duration tuning
seen in the offset responses of on-off neurons, which
was 42.3%.
Application of BIC eliminated duration tuning in
the on- and/or off-responses of many on-off units and
the DTCs of offset units(9 out of 11 on-off units and 5
out of 6 offset units, Table 2). Fig 4 shows an example
of BIC effect on the DTC from on-off neurons. BIC
application changed the band-pass DTC of the offset
component to long-pass, while the duration tuning of
the on-set component remained unchanged. Again, this
neuron would have been judged as not duration tuned
if a long window was used for duration tuning analysis
(under both control and BIC conditions).
Pause Neurons
Among the total 27 pause neurons in this sample,
19 were strongly duration tuned in their onset
responses seen in the short time window(10 short-pass,
7 band-pass and 2 notch tuning respectively, Table 1).
However, only 2 of the 7 band-pass neurons were still
classified as band-pass if the long window was used,
and only 3 of the10 short-pass neurons remained
short-pass with the long window. In the example
shown in Fig 5, the DTC for the onset response from a
pause neuron in the short time window appeared to be
short-pass, while the DTC in the long-window for the
total response was typically long-pass.
The duration tuning in the onset responses of
pause units was also BIC sensitive. BIC eliminated
duration tuning from 7 of the 13 pause units that were
duration selective in the control recording (Table 2).
An example was shown in Fig 6A. In the control
Fig 4. BIC effect on DTCs of an on-off neuron. The control recording showed that the onset and the offset components had different duration tun-
ing: all-pass onset response and band-pass offset response (analyzed through a 30-ms short window). When BIC is applied, the offset response be-
comes long pass.
Fig 3. DTCs for the on-, off-components and the total
responses. The on- and off -responses were band-pass and
long-pass respectively, while the total responses gave a
long-pass pattern
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recording, the onset response of the neuron was tuned
to 16 ms duration; and the DTC became long-pass
when BIC was applied.
Onset Neurons
Neurons with onset response patterns represented
the largest population in this sample: 152 out of 340,
or 44.7% . Due to the specific PSTH pattern of these
neurons, the length of analysis window was not an
influencing factor in determining the duration tuning as
long as the window covered all of the responses. In
contrast to previous reports, however, we did find a
portion of onset neurons showing clear duration tuning
(a total of 61 units or 40.1%, including 25 short-pass,
33 band-pass and 3 band-rejected units, respectively,
Table 1). In this group, BIC was applied to 18 neurons
(11 short-pass and 7 band-pass) and the duration
selectivity was found to be eliminated from 9 of
them(Table 2). Fig 6B shows that BIC application
changed the DTC of an onset unit from band-pass to
long-pass, in addition to overall increase in spikes.
Response latency and duration tuning
The response latency appeared to be associated
with duration tuning patterns. It was found that the
duration tuned sustained neurons(short-pass, band-pass
and band-rejecting, subtotal n= 37) had a relatively
longer latency (mean ± SD: 16.34 ± 5.06 ms) than
neurons that were not tuned (n =87, 10.35 ±4.11 ms).
This was also true for onset neurons in which we found
the averaged minimal latency for all-pass neurons(n=
61) and band-pass neurons (n=33) were 5.3 ±1.21 and
11.43 ± 6.1 ms respectively, significantly longer than
these that were not duration tuned(P < 0.001,
Mann-Whitney Rank Sum Test). Interestingly, the best
duration in more than half of neurons was longer than
the latency of the response. For example, when the
latency of temporal response peak(seen in PSTH) was
measured from the 18 band-pass sustained neurons, the
averaged latency was 16.8 ±6.3 ms, while the averaged
Fig 6. Examples of BIC effect on duration tuning of a pause unit (A) and an onset unit (B). The control recording from the pause unit (A)
appeared to be weak band-pass. The pattern changed to long pass under BIC. The onset unit (B) clearly showed band-pass response in the
control recording. This pattern was not changed but became weaker under BIC. The inserts are PSTHs for each neuron.
Fig 5. Impact of analyzing window on duration tuning of pause units. A band-pass pattern of duration tuning was seen in the short window
around the on-set component of the response (solid line). The duration tuning became long-pass when analyzed in a long window (dashed line).
The left panel shows the PSTHs at four durations.
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best duration was 36.0±30.0 ms. In this group, only 6
neurons showed a longer latency than the best
duration. Finally, in 44 of the 67 neurons in which BIC
application reduced or eliminated duration tuning, the
minimal response latency was also reduced from 14.53
± 2.55 ms to 10.11 ± 2.18 ms(P < 0.01, Mann-Whitney
Rank Sum Test).
Discussion
The results presented here and our previous
report[12] suggest that selecting an appropriate time
window is important for duration tuning analysis
because duration tuning may be processed by response
of neurons in a short period of their responses.
Although the current study is on the IC in guinea pigs,
this may be true for neurons in other stations and other
species. Sustained neurons in IC spike throughout the
duration of the stimulation signals. Therefore, most of
these neurons are considered to be long-pass or
all-pass in duration tuning classification because the
spike count from such neurons keeps increasing with
the elongation of the signal duration[10, 9, 8, 17]. Such
“long-pass/all-pass” behavior is generally not
considered as duration tuned [18, 4, 8, 6]. However, the
onset component in a portion of sustained neurons
appears to be short-pass or band-pass tuned as seen in
the present study. Similarly, a greater portion of pause
units, which would not show clear duration tuning in a
long analyzing window, appears to be short-pass or
band-pass tuned in their onset response components.
Furthermore, the onset- and off-set components from
on-off neurons may have different duration tuning
features, which may not be verified when a traditional
non-selective long window is used for duration tuning
analysis.
Geisler et al. were probably the first to suggest a
temporal analysis for signal coding[19]. His notion was
extended and supported later by studies on the big
dynamic range of onset responses for intensity coding
in auditory nerve fibers and neurons in cochlear
nuclei[20, 21-25]. In addition, Henry reported in 1998 that
the onset response tuning of auditory-nerve fibers to
difference tones showed higher sensitivity to forward
masking than the later responses[26]. In the same year,
Heil reported that it was the onset response component
of IC neurons that represented the interaural transient
envelope disparities, whereas the sustained response
component did not, but was well associated with the
binaural combination of steady-state SPLs[27]. Henry
and Heil’s results also stress the necessity for
separating the onset responses from the later responses
in analyzing the auditory coding of transient signals. In
a more recent study of IC neurons in bats M. molossus,
Mora and Kössl reported that band-pass duration
tuning occurred at either the onset or offset responses[6].
More importantly, the authors presented one example
of on-off neurons in which the offset component was
band-pass, while the onset was all-pass. The results of
these earlier studies are in consistence with ours and
make it clear that the signal duration may be a feature
that can be coded by the activities of neurons in a short
period of response segment rather than the whole
responses.
When a short analysis window is used, the
duration tuning in the IC of guinea pigs appears to be
much“stronger”than what has been reported in the
non-echolocating mammals in the previous studies.
This“weakness”is especially indicated by the fact that
neurons that show clear duration tuning constitute a
much smaller proportion in the non-echolocating
mammals than in echolocating bats. However, when a
short window was used in the present study, the
proportion of neurons that were clearly duration tuned
were 140 out of 340, or 41.2% (63 short-pass, 69
band-pass and 8 band-rejected neurons, respectively,
Table 1), which is comparable to the data from bats.
The mechanisms for duration tuning have been
comprehensively explored for offset responses in bats.
The coincidence model proposed by Casseday et al.
suggests that the overlap between a rebound from a
sustained inhibition(or an offset excitation) and a long
latency sub-threshold onset excitation is the reason for
duration tuning in offset neurons ［28, 4］. Such a
coincidence has been verified in IC neurons of bats
with patch-clamp recording[29]. The role of inhibitory
circuitry in this model has also gained support from the
fact that band-pass duration tuning of some IC neurons
could be eliminated by blocking GABAergic or
glycinergic inhibition[３, 16, 30]. A so-called
anti-coincidence model has been proposed to explain
the role of inhibition in the short-pass selectivity [１６]. It
is so named as it is opposite to the coincidence model
for the band-pass duration selectivity of offset neurons.
In the anti-coincidence model, excitatory input and
inhibitory input are not coincident, with the transient
excitatory input arrives first and the inhibitory input
builds up later. The results of the present study show
that the GABA-A receptor mediated inhibition is also
a b
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responsible for the duration selectivity of offset
neurons in the IC of guinea pigs, a non-echolocating
mammal.
The mechanisms underlying the duration
selectivity of onset responses from other PSTH
categories are not clear. Several technical issues must
be considered in order to validate that the duration
selectivity seen in our data is truly due to the duration
tuning of these neurons. The first issue is the frequency
splattering due to the quick onset and offset of the
signal used in this experiment. However, the potential
effect of this spectrum change can be ruled out because
we used bursts of broadband Gaussian noise. We did
not see spectrum change with the signal duration. The
second issue is the potential intensity change with
signal duration which may impact apparent duration
tuning due to the changes of sound level with duration
or the effect of temporal summation. However, this is
unlikely because of three reasons. Firstly, the peak
equivalent sound pressure level(peSPL) was checked
and calibrated and we did not find a change of sound
level in our system due to signal duration. Secondly,
“potential”temporal summation may explain the initial
increase of spike rate with increasing duration, but
cannot account for the spike rate drop at longer
durations. Last but not the least, it has been reported
that intensity change within 10-30 dB range did not
change duration tuning pattern in bats［31］. In the present
experiment, we did observe duration tuning at two
different sound levels(10 dB versus 40 dB above
thresholds) in a number of neurons. From these
neurons, we did not see obvious pattern changes in
duration tuning(data not presented since this was not
the focus of this paper). The third issue is the potential
forward masking of a previous stimulus on the
responses to the following one. The concern is raised
when the signal duration is long and therefore the
interval between the offset of a prior signal and the
onset of the following one becomes short. This forward
masking effect has been shown to play a role in the
apparent duration tuning in bats: the spikes or spikes
rates decrease with decreasing inter-stimulus interval
due to the effect of forward masking［32, 33］. However, we
do not think that this forward masking occurs and
impacts the duration tuning reported in the present
study. The first reason for this defense is based on the
fact that the signals of different durations were
presented in randomized order in this experiment and
the responses were averaged over 10-20 repeats at each
duration. Therefore, there should not be a systematical
trend of increased forward masking at longer durations
because the averaged inter-stimulus
interval(offset-to-onset) should be the same for each
duration. Secondly, the shortest offset-to-onset interval
in this study was more than 500 ms. The effects of
forward masking in bats become evident when the
interval is much less than 100 ms. Finally, the duration
selectivity was eliminated or reduced by the use of
BIC, indicating that the changes of spikes/rates with
duration were due to the interaction between by
excitation and inhibition, not the forward masking.
More specifically, elimination of GABA-mediated
inhibition should enhance forward masking, rather than
reduce it; therefore the responses to longer duration
should be further reduced, not increased.
The role of inhibition in duration tuning on the
onset responses has been demonstrated in previous
studies. In an evoked potential study, the amplitude of
the onset peak was found to decrease with the
elongated signal duration. This decrease was much
smaller for animals who had received a traumatizing
tone and this desensitivity to stimulus duration was
found to be related to the loss of GABA-mediated
inhibition［34］. The decrease in EP responses to longer
durations is similar to the short-pass duration tuning in
our single unit results.
In a recent study on the IC neurons of bats[6],
duration selectivity was also reported from neurons
with onset response patterns or from the onset
components of on-off neurons. However, no latency
information was provided in that report. In the present
study, in more than half of the neurons that showed
onset duration tuning (both short pass and band pass),
the best duration is longer than the peak latency of the
onset responses. At this moment, we do not know how
a neuron’s earlier responses are tuned to the duration
information that is presented later. Anyhow, the
involvement of local inhibition in duration tuning of
the onset response has gained support in the present
experiment. Firstly, the onset and sustained neurons
that showed clear duration selectivity tended to have
longer response latencies, suggesting a stronger
inhibitory innervation at the onset. Secondly, blocking
inhibitory inputs(by using BIC) reduced the duration
tuning. In addition, supporting data has been reported
by others. For example, the block of inhibitory
neurotransmitter has been found to decrease the
response latency to sound for many brainstem auditory
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neurons[35]. Furthermore, whole-cell patch-clamp
recordings from IC neurons [29] indicate that synaptic
inhibition dominates the early part of the response,
resulting in an early unresponsive period correlated
with the onset of the stimulus. The role of inhibition in
the duration tuning of neurons’onset responses is also
supported by a study of big brown bats[18], in which
short-pass duration tuning was found in some neurons
that showed an onset pattern. Also, the short-pass
tuning appeared to be regulated by GABA-mediated
inhibition[18]. These results are consistent with what are
reported in the present study, which demonstrate that
the duration selectively of IC neurons, other than offset
neurons, in guinea pigs is also largely dependent on
GABAergic inhibition. This is probably the case in
other non-echolocating species.
In summary, duration tuning appears to be coded
by temporal response behaviors in IC neurons in
guinea pigs, rather than the total responses. This
filtering function is demonstrated in both onset(or
onset component) and offset responses. For this
duration coding, it is important to select an appropriate
time window for data analysis. The duration tuning
seen in the different response categories of IC neurons
is regulated by GABA-A mediated inhibition.
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